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ABSTRACT
The rapid growth of the capabilities of small satellites have sparked the need for high-power deployable solar arrays.
PowerCube addresses this need by proposing a unique solution that can generate up to 100W from a 1U stowed
volume. At the core of this design is an innovative origami-inspired architecture, combined with advanced dual-matrix
composite materials, to achieve excellent packaging efficiency and self-deployment capabilities. This paper provides
an overview of the design of the system and presents the key analyses and breadboarding activities that supported its
development. The next milestones in the ESA-funded PowerCube project are discussed, focusing on its qualification
campaign. The paper is concluded by an overview of the PowerSat IOD mission, which will demonstrate a high-power
3U satellite, powered by the PowerCube solar array.
INTRODUCTION

inter-satellite and space-to-ground communications [5,
6], and AI-powered on-board data processing [7]. With
the increase in the capabilities of CubeSats, the required
amount of power of future missions is rapidly growing
beyond what state-of-the-art deployable solar arrays can
provide. Indeed, conventional solar arrays, consisting of
body-mounted, hinged solar panels that are Z-folded like
an accordion, are limited by their maximum stowed
thickness, which must fit within the internal volume of
standard CubeSat deployers, as well as by their deployed
stiffness, which rapidly drops as the length of the solar
array wing increases. The PowerCube solar array was
specifically developed for the next generation of highpower CubeSat missions. It combines an innovative

Since the launch of the first CubeSats almost 20 years
ago, this class of standardized satellites has proven its
enormous potential as a cost-effective and agile way to
access space. Initially intended for educational purposes,
CubeSats have nowadays captured the attention of all big
and small players in the space field, from universities to
businesses and space agencies. Thanks to their low cost
and complexity, they are more risk-tolerant than
conventional space missions, making them an ideal
testbench for more advanced and less mature
technologies than what is typically used on larger
missions. Examples include high-performance sensors
for science missions [1, 2], electric propulsion [3, 4],
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structural architecture, advanced materials, and highefficiency solar cells to achieve unprecedented power
levels for this class of satellites (greater than 100W).
This solar array development is funded by ESA and
carried out by a German consortium with Deployables
Cubed GmbH as prime contractor and German Orbital
Systems GmbH, Azur Space Solar Power GmbH, and the
Technical University of Deggendorf (THD) as
subcontractors. The 18-month development activity,
started in March 2021, is currently entering its final
stage, with the manufacturing of the engineering model
and the upcoming qualification campaign in July 2022.
This paper focuses on the design and analysis of the solar
array. The breadboarding activities that demonstrated its
key functionalities are also presented, and the ongoing
development of the engineering model for the
qualification campaign of the subsystem is briefly
discussed. Finally, the PowerSat mission for the in-orbit
demonstration of the solar array is described.
Figure 1: Deployment sequence of the PowerCube
solar array.

SYSTEM OVERVIEW
The architecture and the deployment scheme of the
PowerCube solar array are shown in Figure 1. During
launch, the solar array is stowed in a 1U volume (10 cm
x 10 cm x 10 cm), as shown in Figure 1(a). The launch
restraints are offered by a HDRM, consisting of a
nD3RN Release Nut, developed by DcubeD and already
flown on two previous missions. The actuation of the
release nut triggers the passive deployment of the solar
array, consisting of two steps: first, the stowed array is
extracted from the 1U volume by a scissor lift-based
extraction mechanism (Figure 1(b)); then, the solar array
unfolds to its 1.2 m x 1.2m deployed configuration by
releasing the elastic energy stored during packaging
(Figure 1(c)). The initial extraction step allows the
wings of the solar array to deploy along their spiral
trajectory without interfering with the walls or corner
rails of the CubeSat structure.
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The functional diagram of PowerCube is shown in
Figure 2. The main functional block is the solar array,
which consists of a CFRP structure that supports flexible
polyimide PCBs and triple-junction GaAs solar cells.
The 3J30A cells, manufactured by Azur Space Solar
Power GmbH, were chosen for their extensive flight
heritage and their 30% efficiency, combined with a low
thickness of about 220 μm (including their cover glass).
The PowerCube design includes 96 cells, with a total
active area of about 0.3 m2, to provide 100W EOL for a
5-year mission in LEO. The CFRP substrate is
responsible for providing the elastic energy for the
passive deployment of the solar array and for supporting
its planar shape, once deployed. One of the key
innovations of this substrate is the use of an origamiinspired folding pattern, which allows the wings of the
solar array to be Z-folded along their midplane and
subsequently rolled around the center in a cubic
configuration. The folding pattern, based on an iso-area
Flasher origami and modified to accommodate the finite
thickness of the layers, has been presented in a previous
publication [8]. To implement its complex folding
pattern, the substrate was manufactured in-house using
dual-matrix composites. This technology allows to
create rigid and flexible regions on a monolithic carbon
fiber fabric layer, by using different matrices for each
region. In particular, epoxy resin was used for the rigid
panels to provide structural support to the brittle solar
cells, and silicone resin was applied along the origami
folding pattern to allow the panels to be folded by 180⁰
with a radius of curvature as small as 0.3 mm. The
substrate will be further discussed in the next section.
The second key functional block of the PowerCube
subsystem is the extraction mechanism, which sits at the
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Figure 2: Functional diagram of the solar array. Different colors are used for different physical blocks of the
system.
base of the origami structure and is responsible for its
extraction from the 1U volume. The mechanism consists
of a spring-loaded scissor lift, which can be stowed in a
total thickness of just 8 mm and achieves a range of
motion of about 100 mm. The upper and lower plates of
the mechanism consist of metal frames integrated with
FR4 PCBs, which contain connectors to transfer power
and data from the solar array to the satellite interface.
The third subassembly of the solar array is the upper
mechanism, which is visible above the center of the
deployed solar array in Figure 1(c). It has a dual
function: on one hand, it contains the HDRM that
constrains the system during launch and triggers the
deployment; on the other hand, it preloads the solar array
in the out-of-plane direction to survive the launch loads.

pointing accuracy of a satellite. To address these
challenges, a two-dimensional packaging scheme was
devised, based on the iso-area Flasher origami by Shafer
and Palmer [8], who used the twisting folding technique
invented by Toshikazu Kawasaki to fold origami roses
[9]. Unlike other flasher origami designs, in which the
packaged height increases with the deployed diameter,
the iso-area flasher results in a packaged, prismatic
structure of fixed height, which is ideal for a scalable
design. The same approach has been used on the
OrigamiSat-1 solar array demonstrator [10], in
combination with flexible solar cells. However, it has
been shown that this folding pattern is also compatible
with rigid origami [11], therefore allowing the use of
rigid solar cells. The figure below shows the initial
design of the folding pattern, consisting of 4 triangular
quadrants arranged in a square configuration. Each
quadrant consisted of rigid panels with an aspect ratio of
2:1, matching the 80 mm x 40 mm geometry of the solar
cells (grey in the figure).

DESIGN OF THE SOLAR ARRAY
Development of the Folding Pattern
One of the main design drivers for the solar array was the
packageability in a 1U volume, as well as the
compatibility with COTS solar cells, too fragile to
sustain mechanical deformations during packaging and
deployment. Additionally, given the relatively large area
of the solar array, its deployed stiffness was a major
concern. One-dimensional packaging schemes (such as a
rollable arrays or an accordion-like arrays), would have
resulted in very elongated structures (up to 4 m long)
with low natural frequency and high moment of inertia,
potentially undermining the maneuverability and
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The following constraints were added to the problem:
•
•

•
•

The problem was solved through the nonlinear
constrained optimization solver fmincon in MATLAB.
Note that, since the number of variables is larger than the
number of constraints, the solution of the problem is not
unique, which is the reason why an optimization
formulation was chosen over a direct solution with a
nonlinear numerical solver.

Figure 3: Initial folding pattern.
From this starting point, several improvements were
identified to achieve the desired packaging efficiency.
First, the folding pattern was modified to accommodate
the finite thickness of the panels, which was not
accounted for in the initial design. To this extent, an
algorithm based on the approach proposed by Zirbel et
al. [11] was implemented. First, the zero-thickness
folding pattern was generated, along with a packaged
configuration of the origami that accounts for the
overlapping of the layers. Both configurations can be
computed analytically. These configurations are not
isometric, i.e. the length of the fold lines connecting pairs
of vertices is not preserved. Therefore, there is no strainfree transformation that allows to convert the packaged
into the deployed configuration (effectively, they are
different structures). To find a compatible
transformation, the vertices of the origami were
“moved”, both in the packaged and deployed
configuration, until a configuration was found for which
isometry was achieved, i.e. all the fold lines in the
packaged and deployed configurations had the same
length. From an implementation standpoint, the
following optimization problem was solved:
𝐽𝐽
𝑢𝑢∗ = arg min
2n
𝐽𝐽 =

u∈ℝ
2
𝑁𝑁𝑒𝑒 𝑑𝑑
∑𝑖𝑖 �𝐿𝐿𝑖𝑖 − 𝐿𝐿𝑝𝑝𝑖𝑖 �

Next, the stowed volume of the solar array was
minimized by removing the panels along the diagonals
of the structure, too small to host any solar cells (white
in Figure 3). This turned the initial square structure in an
assembly of 4 independent wings, only connected at the
center of the structure. Also, the panels on each wing
were rearranged from an inverted triangular
configuration into an approximately rectangular shape.
The resulting design, shown in Figure 4, could be
packaged in a 90 mm height and had a 93 mm x 93 mm
cross-section, resulting in a predicted stowed volume of
778 cm3 (almost 30% lower than the previous design).
Figure 5 also shows the stowed configuration of the solar
array (based on the same geometric analysis), folded
inside a 1U CubeSat structure. Note that the design is
compatible with the 8.5 mm x 8.5 mm corner rails found
on standard 3U satellites.

(1)
(2)

where 𝐿𝐿𝑖𝑖 is the length of the i-th edge of the folding
pattern, with the superscripts d and p referring to the
deployed and packaged configuration, respectively. 𝑢𝑢 =
[𝑢𝑢𝑑𝑑 𝑢𝑢𝑝𝑝 ]𝑇𝑇 ∈ ℝ2𝑛𝑛 is a vector of nodal displacements,
representing the variables of the problem, and N𝑒𝑒 is the
number of edges of the origami pattern. In addition to the
physical folding lines of the origami design, the
diagonals of the rectangular tiles were also considered in
the evaluation of the cost function for the optimization,
to preserve both lengths and relative angles between
folds (therefore avoid shear deformations in the
structure).
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Fixed height of the packaged array.
Fixed in-plane coordinates of the packaged
structure (only out-of-plane displacements
allowed).
4-fold symmetry at the edges of the quadrant (as
the problem was solved for a single quadrant).
No displacements on the innermost edge of the
array (to suppress rigid-body degrees of
freedom).

Figure 4: Final folding pattern.
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Figure 5: Kinematic model of the folded solar array.
Implementation of Dual-Matrix Composites

Figure 6: Manufacturing jig of the dual-matrix
composite substrate.

The implementation of the folding pattern represented
the next major design challenge. The small radius of
curvature required for the hinges (less than 0.4 mm) and
the complex geometry of the folding pattern was
impractical to implement using panels connected by
mechanical joints. On the other hand, dual-matrix
composites offered a promising alternative. This
technology allows to create a fiber-reinforced composite
structure in which different polymeric matrices are used
on different regions of a continuous structure. By
combining a stiff resin in some areas with a highly
flexible elastomer in other areas, it is possible to create
structures with rigid regions connected by elastic hinges.
In addition to being lighter, more compact, and simpler
than conventional mechanisms, dual-matrix composites
also provide self-deployment capabilities. Indeed, the
hinges store elastic energy during packaging, and
spontaneously tend to release it and return to their
original,
undeformed
configuration.
These
considerations led to the use of dual-matrix composites
for PowerCube. A [(0/90)F]2 laminate with woven
carbon fiber fabric (areal density 93 g/m2) was chosen
for this design; epoxy and silicone resins were used for
the rigid panels and the flexible hinges, respectively. A
manufacturing process was developed in house to
manufacture 1-m-scale prototypes that accurately
captured the complex hinge network of the origami
substrate with minimal mixing between the two resins.
The process involved the use of a manufacturing jig
(shown in Figure 6), consisting of wooden blocks, lasercut to the shape of the rigid panels of the structure.
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The blocks were mounted on a base plate and precisely
positioned using alignment pins. The dry fabric was
interposed between the base plate and the blocks, both
protected by a release layer. Screws between each block
and the base plate applied pressure to the fabric. To
prevent mixing of the two resins, a two-step approach
was followed: first, the silicone resin was manually
applied along the exposed hinge network between the
wooden blocks. An analog dispenser applied a repeatable
amount of resin along the hinges, achieving constant
fiber volume fraction of about 40 %. Then, the silicone
was cured in air and at elevated temperature using
halogen lamps, as shown in the figure above.
After curing the silicone, the blocks were removed and
epoxy resin was applied on the dry areas between the
hinges, which were preventively covered with polyimide
tape to prevent accidental overflowing of the epoxy.
After an initial cure in air, the panels were preloaded by
the blocks to achieve the desired thickness and flatness.
Finally, the entire structure was post-cured at elevated
temperature (about 100 ℃) to increase the glass
transition temperature of the resins and the mechanical
performances of the structure. Figure 7 shows a
micrograph of the interface between the two resins
(epoxy on the left-hand side, silicone on the right-hand
side) of a dual-matrix composite coupon. The inspection
confirmed that, with the described manufacturing
process, a sharp transition between the two materials can
be achieved with minimal cross-contamination.
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the extraction, when the tension springs are ineffective
due to their short lever arm.

Figure 7: Detail of the interface between epoxy and
silicone resins (from optical microscope).
In Figure 8, a full-scale structural prototype of the
PowerCube substrate can be observed. The flexible
hinges are clearly visible in dark black.

Figure 9: CAD model of the extraction mechanism.
The solar array sits above the top interface board, to
which it is connected electrically and mechanically.
Above the solar array is the tower mechanism, shown in
Figure 10. From a structural standpoint, it consists of
four aluminum rails supporting the top plate of the cube.
Four FR4 PCBs cover the faces of the tower and provide
shear stiffness, as well as an electrical path between the
solar array and the top of the cube. The lower part of the
tower hosts a preloading mechanism, which provides
axial preloading to the stowed solar array during launch.
This mechanism consists of two plates that can slide
away from each other thanks to linear bearings.

Figure 8: Manufactured 1.2 m x 1.2 m prototype of
the dual-matrix composite substrate.
Mechanisms
Two key mechanisms support the solar array. The
extraction mechanism (Figure 9) pushes the stowed
origami structure outside of the 1U cube to initiate its
passive deployment. A scissor lift architecture was
chosen for this mechanism due to its compactness and
low friction. Its main design drivers were the stowed
height, limited to 10 mm, and the extraction force, which
needs to overcome the friction between the solar array
and the walls of the cube. To minimize the stowed
height, the lift was manufactured out of 3D-printed
stainless steel. This allowed for compact joints with high
stiffness and load-bearing capabilities. Moreover, the
upper and lower plates of the scissor lift consist of 2layer FR4 PCBs integrated with and reinforced by
aluminum frames. This integral design exploits the
stiffness of the PCBs and makes them part of the load
path of the mechanism. The scissor lift is passively
actuated by a combination of preloaded springs. Two
tension springs at the base of the mechanism provide the
main driving force for the extraction. Additional
compression booster springs between the upper and
lower frames provide extra force in the initial phase of
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Figure 10: CAD model of the tower mechanism.
The upper plate of the preloading mechanism holds the
HDRM, a release nut developed by DcubeD. This SMAbased actuator contains a nut that is mated to a screw
fixed at the bottom of the extraction mechanism (visible
in Figure 9). When armed, the actuator holds the
extraction mechanism in its stowed configuration and
pushes the two plates of the preloading mechanism next
to each other. Upon actuation, the extraction mechanism
deploys, and the plates of the preloading mechanism are
pushed away from each other by preloaded springs.
Therefore, thanks to the preloading mechanism, the
cover plate of the cube is pushed on the stowed solar
array during launch to preload it in the out-of-plate
direction and moves away from it after release of the
actuator to provide to required clearance for its selfdeployment. Figure 11 shows a breadboard of the
mechanism in its retracted and deployed configuration.
The breadboard was 3D-printed out of plastics, except
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for the scissor lift, for which the actual, stainless steel
structure was used.

Figure 11: 3D-printed breadboard of the assembled
mechanism. Left: stowed; right: deployed.

Figure 12: Schematic of the flexible PCB locations on
the solar array.

Electronics And Harnessing

Once the power is collected by the central PCB, it is
transferred to the top interface board of the extraction
mechanism, and then down to the interface board at the
base of the cube. Power connectors on the back side of
this PCB output the generated power to the spacecraft.

The solar array features a total of 96 cells, arranged in 16
strings of 6 cells each to provide a nominal voltage of
14.7 V. Each string consists of a 2-layer PCB on a
flexible polyimide substrate, with a thickness of 100 μm.
Figure 12 shows the location of the flexible PCBs, with
different colors associated to different designs. Each
wing consists of 4 unique PCBs, connected to each other
by connectors (which provide a modular design). A
central PCB collects the power from the wings and
transfers it to the satellite, following the path described
in the diagram in Figure 13. A rigid-flexible design was
used for the central PCB, with a two flexible polyimide
layers (red in Figure 12) sandwiched between rigid FR4
layers (gray in Figure 12). This choice allows to use the
central region of the PCB as the electrical and
mechanical interface between the solar array and the
extraction mechanism.

Figure 13: Electrical path from the solar array to the
spacecraft.
Deployment sensors are distributed over the surface of
the solar array to provide deployment confirmation.
After evaluation of several alternatives (including
mechanical sensors, photodiodes, strain gauges, and
Hall-effect sensors), photodiodes were chosen due to
their compactness, robustness, and insensitivity to
misalignments. When the solar array is stowed, the
sensors are hidden between the folded panel in the
structure; during deployment, they return a signal after
being exposed to external light.
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A Maximum Power Point Tracking (MPPT) circuit is
also under development as an add-on to the solar array.
This circuit tunes the operating point of the solar array to
operate it at its maximum power point for a broad range
of operating conditions of the spacecraft, therefore
providing even greater flexibility to the user. A boost
converter in the circuit stabilizes the output voltage to
match the requirements of the power system.
ANALYSIS
OF
PERFORMANCES

SOLAR

ARRAY

(g) Final equilibrium
state

(c) 75% deployment

Packaging and Deployment Analyses

Figure 14: Deployment sequence from FE
simulations.

Since the solar array is passively deployed, predicting its
deployment dynamics was paramount to verify that the
structure could deploy to its operating configuration
without chaotic behavior or undesired kinematics that
could potentially damage the solar cells. A high-fidelity
numerical model was implemented in Ansys LS-Dyna, a
commercial finite element software specialized in
explicit dynamics for non-linear mechanics and highvelocity events.

The simulation verified the kinematics of the packaging
process, as the solar array was stowed in a cubic
configuration in which the deformation was localized in
the hinges. During deployment, the wings rotate about
the center and expand radially in a symmetric fashion. In
the final phase of deployment, the Z-folded wings also
open in the transverse direction, achieving the final
equilibrium state. Note that, in this configuration, the
wings are not fully planar, but rather slightly corrugated.
This solution allowed to increase the bending stiffness of
the solar array to meet the 1 Hz requirement on its
deployed natural frequency.

The solar array was modeled using shell elements. The
panels and elastic hinges were approximated as linear
elastic and isotropic materials, using the Young’s
modulus obtained from DMA tests (Dynamic
Mechanical Analysis) on coupons of each material. The
solar cells and PCBs were modeled as structural masses,
therefore only accounting for their inertia but neglecting
any contribution to the stiffness or the thickness of the
solar array. The extraction and tower mechanisms were
not included in these simulations. Figure 14 shows a
sequence of snapshots from a deployment simulation,
starting from its fully packaged configuration.

Figure 15 shows the spiral trajectory of the wing tips
(each indicated by a different color), during deployment
from a 3U CubeSat. In this simulation, the CubeSat is
represented by a point inertia at the center of the solar
array and is free to rotate, as it would be in space.
Consequently, the deployment of the solar array is
characterized by the counter-rotation of the wing tips and
the spacecraft to preserve the angular momentum of the
system.
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(a) Packaged
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(b) 50%
deployment
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Figure 15: Trajectory of the top of the wings during
deployment from 3U CubeSat (from FE simulations).
The rotation of the spacecraft heavily depends on its
inertia. Two cases were considered, for a 3U and 6U
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satellite, with nominal mass of 6 kg and 12 kg,
respectively. Figure 16 plots the rotation (blue lines) and
angular velocity (orange lines) for the 3U and 6U case,
indicated by solid and dashed lines, respectively. In both
cases, the angular velocity increases until the solar array
is fully deployed, and rapidly decreases to zero
afterwards, as the solar array latches in its fully deployed
configuration. The resulting rotation of the spacecraft is
1.08 full turns for a 3U CubeSat, 0.3 turns for a 6U
satellite.
0

spacecraft, and operating vs non-operating case (whether
the solar array provides electrical power or not).

100

-30
0

-60

-150
-200

-180
-210

SC rotation

° /s]

-100

-120

-300

-240
-270

-400

Rotation 3U

-300

Rotation 6U

-330

SC rotation rate [

[ °]

-90

Figure 17 and Figure 18 show the temperature
distribution on the solar array for the extreme cases
identified during the parametric study. The results show
that, due to the thinness and high out-of-plane thermal
conductivity of the solar array, its through-thickness
temperature distribution is very uniform. The
temperatures are also uniform along the wings of the
solar array, with a temperature gradient localized at the
center of the solar array, where there are no solar cells.
The extreme temperatures observed vary between almost
-90 ℃ in the cold case and +80 ℃ in the hot case.

-500
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-600
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2
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Figure 16: Rate of rotation and total rotation of the
spacecraft during deployment from 3U (solid lines)
and 6U (dashed lines) CubeSats.
Figure 17: Temperature distribution on the solar
array for the cold case (worst-case scenario).

The simulations suggest that, while the deployment
dynamics of the solar array can have a large impact on
the attitude of the spacecraft, the effects are very limited
in time and the residual rate of rotation of the system is
close to zero.
Thermal Analyses
Thermal analyses were carried out to estimate the
temperatures expected on the solar array over the course
of its mission, as well as the thermal flux to the
spacecraft. The analyses were carried out in the
ESATAN-TMS 2020 software package by OBO Space
s.r.l. The simulations used a high-fidelity model that
captured the stacking of CFRP substrate, PCBs, and solar
cells on the solar array. The extraction mechanism and a
MPPT board at the bottom of the 1U cube were also
modeled. A 3U CubeSat was assumed for this
simulation. Two circular Sun-synchronous orbits, with
altitude of 500 km and inclination of 97.4⁰, were
considered as extreme cases: a dawn/dusk orbit,
perpendicular to the Sun vector to have maximum
illumination; and a noon/midnight orbit, coplanar with
the Sun vector, to maximize the eclipse time. The
subsystems of the spacecraft were modeled as a fixedtemperature boundary condition, with -20 ℃ and +50 ℃
assumed for the worst-case scenarios. A total of 10
simulations were performed for different combinations
of orbit, attitude to the Sun, temperature of the
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Figure 18: Temperature distribution on the solar
array for the hot case (worst-case scenario).
Figure 19 plots the average temperature of the solar array
over the course of a typical noon/midnight orbit in the
hot-case scenario. The simulation shows that, due to the
low thermal mass of the CFRP structure, its temperature
varies sharply (over the course of few minutes) when
entering or exiting eclipse. Therefore, the solar array can
be typically assumed in thermal equilibrium for analysis
purposes. Finally, the analyses provided an estimate of
the heat flux from the solar array to the satellite, which
accounts for conduction through the mechanical
interfaces and for radiation. The estimated heat flux
ranges between -5W and 13W for the reference design,
with positive values indicating heat from the solar array

9

36th Annual Small Satellite Conference

to the CubeSat subsystems, and negative values
indicating heat absorption from the subsystems.

(a) Pinching the ends of the wings

(b) Initial rotation of the center

(c) 50% packaging

(d) Fully packaged structure

Figure 21: Packaging process.

Figure 19: Average temperature of the solar array
over a full noon/midnight orbit (hot case).
BREADBOARDING
Structural Breadboard
A full-scale, 1.2 m x 1.2 m structural breadboard of the
solar array was fabricated using the manufacturing
process described in the Design section of this paper, and
the result is shown in Figure 20. Thin strings were
attached between the panels on each wing to impose a
residual zigzag pattern and increase the bending stiffness
of the structure.

Figure 20: Structural breadboard.
Packaging tests were performed to verify the
functionality of the folding pattern and its packageability
in a 1U volume. Figure 21 offers an overview of this
process, consisting of 2 main steps: first, the wings are
Z-folded and maintained in this configuration by metal
clips at their ends; then, they are wrapped around the
fixed center until reaching a cubic configuration. The
resulting structure was successfully packaged in a
custom cube with inner volume of 1000 cm3.
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Next, deployment experiments were performed. For
these tests, a prototype of the extraction mechanism was
used, including the 3D-printed, stainless steel scissor lift,
the actual nD3RN release actuator, and upper/lower
plates 3D-printed out of PLA. Since the solar array is not
designed to sustain its own weight under gravity, a
gravity offloading system was designed and built to
mimic the deployment in microgravity. The GSE
consisted of a suspension system with thin cords running
between the center of mass of each wing of the solar
array and a fixed point on the ceiling. The cords,
incorporating very soft springs, allowed the wings to

the support from the gravity offloading system. In
addition to demonstrating the kinematics and
deployment dynamics of the system, this breadboard
highlighted some critical areas, such as the flatness of the
panels on the solar array and the compatibility with the
corner rails of the CubeSat structure. Both challenges
have been addressed and solved in the latest design
iteration, presented earlier in this paper.

t=0s

t = 0.08 s

t = 0.12 s

t = 0.16 s

t = 0.47 s

t = 0.68 s

t = 0.89 s

t = 1.30 s

t = 1.75 s

t = 2.15 s

t = 3.40 s

t = 4.65 s

Figure 22: Snapshots from deployment experiment.

move in all directions, while providing an
(approximately) constant vertical force to counteract the
weight of each wing. Figure 22 shows a sequence of
snapshots from one of the deployment tests. The
structure was initially stowed inside a 1U cube (in
white), supported by an aluminum standoff. A power
supply triggered the release nut, initiating the springdriven extension of the scissor lift, which was completed
in less than 100 ms (first 3 frames in the sequence). After
that, the solar array started unfurling around the center,
following the predicted deployment path. The full
deployment was completed in about 4.65 s (about 50%
slower than predicted in simulation, which did not
include air effects). At the end of deployment, the
structure maintained its planar configuration, thanks to
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Functional Breadboard
The second critical breadboard aimed at demonstrating
the mechanical and electrical functionality of the
integrated system. In this case, a small-scale prototype
was built, consisting of a 90 mm x 300 mm accordion
array, containing 4 panels connected by 3 hinges. A
dedicated manufacturing jig was created for this model,
following the same approach as the origami structure. A
flexible polyimide PCB was also designed, as shown in
Figure 23. To capture both the serial and parallel
connection between solar cells as in the actual solar
array, the breadboard had two identical PCBs connected
in parallel, each containing a string of two cells. The
solar cells used for this breadboard were the same 3J30A
chosen for the final system. Figure 23(b) shows the back
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side of the fully folded breadboard. The test confirmed
that the solar cells did not experience significant bending
during this folding process and did not exhibit any
visible mechanical damage.

The results from the individual cells were consistent. For
the strings, the short-circuit current was approximately
the same as for the cells, but their open-circuit voltage
was double, due to the serial connection of the cells.
Similarly, the integrated accordion had the same opencircuit voltage, but twice the short circuit current
compared to the individual strings, resulting from their
parallel connection. Figure 26 reports the corresponding
power, which peaks at 1.2W, approximately 25% of the
actual power expected in orbit under AM0 conditions
(due to the lower power and different light spectrum of
the halogen lamps).

(a) Deployed

(b) Folded
Figure 23: Accordion functional breadboard.
Furthermore, electrical tests were performed by
measuring the I-V curve of the solar array, which is the
locus of operating points of the system. Figure 24 shows
the test setup, consisting of two halogen lights (400 W
each) as a light source, and an electronic load as an
adjustable electrical load for the solar array. By varying
the set resistance of the electronic load, various operating
conditions of the solar array could be tested, and the
resulting voltage and current were recorded. Figure 25
plots the results from the tests performed on individual
solar cells, strings of two cells, and the 2-string
integrated accordion array. The typical trend for the
curves can be observed, with an initial plateau in the
current from the short-circuit point (0 V) to the
maximum power point, followed by a sharp drop in
current near to the open-circuit configuration (maximum
voltage and zero current).

Figure 25: Measured I-V curves for the solar cells,
strings, and full accordion array.
Functional tests were repeated before and after
packaging the solar array, with no noticeable change in
electrical performances, further confirming the absence
of damage from the packaging and deployment process.
Additionally, this breadboard was used to test different
types of deployment sensors (spring fingers and
photodiodes), leading to the choice of the latter as the
best solution for the final solar array. One of the most
critical areas highlighted by this breadboard was the need
for precise control of the amount and thickness of the
electrically / thermally conductive adhesives bonding
solar cells to PCBs and PCBs to substrate. Indeed, the
thickness breakdown of the breadboard showed that
these adhesives could account for up to 36% of the total
thickness and almost 20% of the total mass, exceeding
the design thickness of 0.75 mm. Thanks to
improvements in the assembly process during follow-up
trials, the thickness of adhesive was reduced by a factor
5 and its mass by a factor 10. Another critical area
identified by this breadboard was the plastic deformation
of the PCB bridges over the hinges of the CFRP
substrate, induced by the large mechanical deformation
and resulting in an incomplete deployment of the hinges.
To address this problem, a single copper layer was used
on these bridges (instead of a double copper layer) for
the final PCBs of the solar array, thus significantly
reducing its stiffness and increasing its elastic limit.

Figure 24: Functional test setup.
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Figure 26: Measured power for the solar cells,
strings, and full accordion array.

Figure 27: Flexible PCBs for the PowerCube EM.

SOLAR ARRAY QUALIFICATION
Following the successful breadboarding campaign, the
PowerCube solar array is currently moving towards its
qualification campaign, aimed at verifying its
survivability to the mechanical loads of the launch
environment and to the extreme thermal-vacuum
conditions of space. To this extent, an engineering model
of the solar array, incorporating all its parts and
functionalities, is currently being manufactured. Figure
27 shows the manufactured flexible PCBs of the solar
array, while Figure 28 reports a detail of a half wing
populated with PCBs and solar cells. After completing
the manufacturing, assembly, and integration of the
prototype by end of June 2022, the engineering model
will undergo the qualification campaign in July and
August 2022. The tests will be structured as shown in
Figure 29. The first part (green blocks) will set a baseline
for the system performances, aiming at demonstrating its
design. It consists of a preliminary bakeout to minimize
outgassing of the materials, integration of the
PowerCube subsystem, packaging and deployment tests
in ambient conditions, and functional tests. The second
part of the campaign (blue blocks in Figure 29) will focus
on the mechanical performances of the system. In
particular, the deployed frequency of the solar array will
be measured by exciting the wings with an external
impulse and measuring their vibration with a stereophotogrammetry system. This approach allows to
capture the low frequency of the solar array (~ 1 Hz)
without requiring accelerometers on the structure, which
would alter its vibration behavior.
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Figure 28: Detail of the assembled PCBs on the CFRP
substrate.
Then, the solar array will be packaged and subject to sine
and random vibrations in all directions, following load
qualification levels specified for Falcon 9 launches. For
these tests, the solar array will be stowed in a 3U
CubeSat structure placed inside a CubeSat deployer, to
closely capture the actual interfaces used during launch.
Modal identifications will be performed as a health
check of the solar array between each test. The final
stage of the mechanical testing includes shock loads in
all direction, with the stowed solar array directly
installed on a shock table. Finally, the third part of the
test campaign will be carried out in a thermal vacuum
chamber and will test the solar array under realistic
environmental conditions. The tests will include an
initial thermal cycle in the stowed configuration,
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Figure 29: Test sequence of the PowerCube qualification campaign.
followed by deployment and functional tests of the solar
array in the coldest limit case (-40 ℃ for deployment, 80 ℃ for the functional test). After being packaged
again, the solar array will be deployed and operated in
the hottest limit case (+80 ℃), before undergoing
thermal cycling between the survival temperature limits
(between -90 ℃ and +120 ℃). A final set of deployment
and functional tests will verify the survival of the solar
array and conclude the qualification campaign.
OVERVIEW OF POWERSAT IOD
After completion of its qualification campaign,
PowerCube will be ready for its on-orbit demonstration
on PowerSat. PowerSat is an IOD mission in partnership
between the California Polytechnic State University
(CalPoly), DcubeD, and Maverick Space Systems, for
the demonstration of a high-power solar array on a 3U
CubeSat and the long-term goal of enabling space-based
solar power using small satellites. The CubeSat bus is
entirely developed by the ETOILES lab at CalPoly and
features, among other things, a high-power EPS board, a
UHF radio, and a powerful LED that acts as an optical
beacon for the satellite and constitutes the main payload
of the PowerCube solar array. For this mission,
PowerCube will be equipped with a Maximum Power
Point Tracking (MPPT) circuit, also developed at
DcubeD, which will maximize the power output from the
solar array for a variety of operating conditions of the
satellite. PowerSat will also demonstrate a water-based
propulsion system, provided by Maverick.
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Figure 30: PowerSat architecture.
This mission was selected in 2021 as one of the CubeSats
to be launched as part of the NASA ELaNA initiative,
and its launch is expected in Q4/2023.
CONCLUSION
PowerCube is an innovative solar array that combines
cutting-edge technologies on deployable structural
architectures, dual-matrix composite materials, and
high-efficiency solar cells to enable high-power
applications on small satellites. One of its strengths is the
ease of operation, comparable with conventional solar
arrays for CubeSats, despite the more complex design
and the higher power capabilities. Thanks to the use of a
SMA-based release actuator, the solar array can be reset
in a short time and reliably deployed, without suffering
from variability in craftmanship like burn-wire
mechanisms.
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The origami architecture provides high packaging
efficiency and a compact deployed area that minimizes
the penalty in maneuverability and pointing accuracy of
the satellite. Furthermore, the dual-matrix composite
substrate allows the solar array to passively deploy,
further simplifying the operations of the subsystem.
While these features make PowerCube a unique system
with unprecedented capabilities, they also posed many
design and implementation challenges that required
advanced analysis tools to capture the complex behavior
of the solar array, and ad-hoc manufacturing processes
to implement its complex geometry. An agile design
approach has been followed to carry out this
development within an 18-month project timeline. This
approach combined parallel breadboarding iterations and
analyses to identify critical areas of the design onto
which focusing the main efforts. While the PowerCube
project is currently entering its final phase, i.e. the
qualification campaign, the focus is already on its IOD
mission and beyond. Its ultimate goal is to become a
standard and economically viable solution to meet the
increasing power needs of the next generation of small
satellites, enabling new exciting science and commercial
missions around Earth, the Moon, and beyond.
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